Abstract
Introduction
Optimal design of structures is one of the most active fields of structural engineering. Optimal design of structures is a nonlinear programming problem and in the past the mathematical methods have been used for solution. Most of these methods are based on the gradient information to search the problem's space and a good starting point is needed to solve the problem. Though the gradient based methods produce accurate solutions and converge fast, however because of the costly achieved gradient information, the vital role of good starting point, and some other issues like the convexity and smoothness of search space, in recent years metaheuristic algorithms are used for optimal design of structures. Genetic Algorithm (GA) [1] , Tabu Search [2] , Ant Colony Optimization (ACO) [3] , Particle Swarm Optimization (PSO) [4] , Harmony Search (HS) [5] , Big BangBig Crunch (BB-BC) [6] , Charged System Search (CSS) [7] , Magnetic Charged System Search (MCSS) [8] , Ray optimization (RO) [9] , Dolphin Echolocation Optimization (DEO) [10] , Swallow Swarm Optimization (SSO) [11] , Search group algorithm (SGA) [12] , Colliding Bodies Optimization (CBO) [13] and Ant Lion Optimizer (ALO) [14] among other methods, are introduced and implemented in various structural design problems. Some successful applications of meta-heuristic algorithms can be found in the work of Refs. [15] [16] [17] [18] .
Recently a simple and powerful optimization algorithm, socalled Natural Forest Regeneration (NFR) is developed by the present authors for optimization problems, which mimics the natural migration of forests due to climate changes [19] . This population based algorithm is inspired by the natural behavior of the forests, against the rapidly changing environment. This phenomenon is combined with natural regeneration of forest. Exploration and exploitation aspects of the algorithm are achieved by seed dispersal mechanism and decreasing radius of seed dispersed area. The method is simple and easy to implement, and the optimized benchmark problems show the efficiency and robustness of the new algorithm.
Trusses are a well-known, extremely strong, cost effective option for the construction of diverse structures, especially for long spans and heavy loads. Therefore optimum design of trusses is widely investigated by researchers in recent decades. In the other hand, most of the optimization algorithms are first utilized for design of truss structures because of their simplicity. Optimal design of trusses can be categorized into three major classes: (i) Sizing optimization, where the cross sectional areas of the members are taken as optimization variables and the geometry of the structure is unchanged. (ii) Shape optimization, where the nodal coordinates are also taken as the optimization variables. (iii) Topology optimization, where the connections between nodes are added to the optimization variables.
In this paper, NFR is used for optimum design of truss structures with continuous and discrete variables and results are compared to those from the literature. The remainder of the paper is organized as follows: In Section 2 the method is briefly described. Three well-known benchmark structural problems are studied in Section 3. Finally, concluding remarks are presented in Section 4.
Natural forest regeneration algorithm
A possible fate for forest tree populations in a rapidly changing environment is persistence through migration to track ecological niches spatially. In the other hand, Forests are regenerated and redistributed naturally and the current location and population of forests are dependent on the environmental condition.
Forests can be regenerated manually by keeping seed trees and harvesting the other ones. Seed trees are the best looking ones and can be selected by comparing the trees. After the falling of the seeds on the ground and growing the seedlings, the process of keeping the best ones and harvesting others should be performed. Seed dispersal may be carried out by birds or water stream and this helps the forest to find new positions.
The migration of forests by seed dispersal and the process of keeping best trees and harvesting the others are two main ideas which are utilized here to design the new optimization algorithm. This algorithm is a population based algorithm and contains a guided random search. The main assumptions of the algorithm are:
• Each optimization candidate is represented by a tree.
• The height of a tree is considered to be proportional to its fitness.
• Each tree produces seeds and the number of seed dispersal of a tree is proportional to its height.
• The seeds are assumed to be dispersed around the trees.
• A portion of seeds are dispersed by the birds or water streams to far locations.
• After growing the seedlings, seed trees which are best ones, are kept and the others are harvested.
Using the above mentioned assumptions, the process of optimization can be presented by the following steps:
Step 1. Generate NT random trees in the feasible region of the side constraints of the problem.
Step 2. Calculate the objective function (ob j) and the corresponding fitness ( f it) for the j th tree, and sort them in descending order. Fitness is defined as the inverse of the objective function and the height of the j th tree,h ( j), is defined as its fitness.
where δ is a positive number to avoid the divide by zero error.
For engineering design problems, the objective is positive, then δ = 0 will not lead to error but for functions with zero or negative values, δ may become a dynamic parameter as follows:
where ε is a small positive number.
Step 3. Select NS T best trees as seed trees and store them in ST and harvest the other ones.
Step 4. The j th seed tree disperses NS ( j) seeds with random positions and NS = (NT − NS T ) new seedlings will be produced. The number of seeds depends on the height of the seed tree.
The number of seeds of the i th seed tree can be expressed by the following formula:
The positions of seeds are determined randomly:
where XS i is the position vector of the i th seed and X j is the position vector of the j th seed tree and R i is a random vector with negative or positive entries as:
rand is a random number between 0.0 and 1.0, generated by the computer, d is a vector, containing the domains of the variables, and r 1 determines the region of the seeds around the seed tree, as a portion of the whole domain, and may be taken as r 1 < 0.1. Here, itermax is the maximum number of iterations, determined by the user. Using the Eq. (5), the seed dispersal area will decrease linearly.
Step 5. Some seeds will be dispersed by birds or water streams. The new position of the seeds is defined as:
where X i,new is the new position vector and X i,old is the old position vector of the i th seed respectively, and N M is the number of movements which is defined as part of all the seeds (20% is taken in this study) and M i is the movement vector, with negative or positive entries, as follows:
Here, r 2 = 0.5 is used.
Step 6. In the last two steps, some seeds may move of the boundaries of side constraints. One may use a fly-back mechanism to re-use one of the previous trees, which were in the allowed boundaries.
Step 7. Calculate the objective function and the corresponding fitness for each new seedling.
Step 8. If any of termination criterions is reached, stop the iteration, else go to Step 3. Termination criterion may be selected from one of the following conditions or their combination:
1 Maximum number of iterations is reached.
2 Maximum number of iterations without any update of ST is reached.
The flowchart of the algorithm is presented in Fig. 1 . 
Structural design examples
In this section, some benchmark truss design problems are studied and the results of the application of NFR are compared with those of the literature. All of the examples are studied with discrete and continuous sizing variables separately and for discrete form of the algorithm a simple rounding approach is utilized [20] . The main features and assumptions of the following examples are summarized in Table 1 . It can be mentioned that in discrete problems, because of the exploration aspect of the algorithm, greater values for r 1 is used. In the other hand for larger problems (large number of structural members), due to the high computational time, the number of population and iterations are decreased. In the first example, the algorithm stops after 500 iterations without updating the seed trees. The other examples do not use this termination criterion and continue the iterations until reaching the maximum permitted iterations. The number of structural analyses is equal to the multiple of NT and itermax for examples 2 and 3, while it is less than this values for the first example. The algorithm is coded in FORTRAN and the random generator function is taken from Numerical Recipes [21] .
Optimum design of a truss structure with m members and ng groups of members is formulated as:
where X represents the vector of design variables, which includes the cross sectional areas of members in each group. Ob j(X) is the objective function, that consists of the weight of the structure multiplied by a penalty function Pen(X), to convert a constrained structural optimization problem into an unconstrained one. ρ i , l i and A i are the material density, length and cross section area of each structural member, respectively. The penalty function is defined as:
For the comparison purpose, ε 1 = 1.0 and ε 2 is taken as 1.5 at the start of the iteration and increased to 6.0 linearly. q is the total amount of violations of constraints: (10) where q strength i and q disp are the strength and displacement constraints violations, respectively. m denotes the number of members. These constraints can be defined using ASD-AISC code of practice [21].
A 10-bar planar truss
The 10-bar truss structure is a well-studied problem in the field of structural optimization which is used to verify the eficiency of a newly proposed optimization algorithms with continuous or discrete variables [22, 23] . vertical and horizontal directions are subjected to the displacement limits of 2.0 in (5.08 cm). In this example, there are 10 design variables and is studied with both continuous and discrete variables.
In the first case, the continuous variables are used and a set of pseudo variables ranging from 0.1 to 35.0 in 2 (0.6452 cm 2 to 225.806 cm 2 ) are assumed. Here, two load cases are considered:
Load Case 1: P 1 = 100 kips (444.8 kN) and P 2 = 0, Load Case 2: P 1 = 150 kips (667.2 kN) and P 2 = 50 kips (222.4 kN).
Comparisons of the results of the NFR with the previously published results using continuous variables are summarized in Table 2 and Table 3 for each load cases. As it can be seen from the tables, the best feasible result is obtained by HS algorithm for both load cases and among the other algorithms, only PSOPC and HPSO found better results than NFR in 150000 analyses. Where the NFR finds the best result after 62950 and 108100 analyses for the load Case 1 and load Case 2 respectively. As it can be observed from Tables 2 and 3 that the best weights obtained using NFR in both cases are only slightly bigger than the HPSACO.
In the second case, the discrete variables are selected from the set D = {0.1, 0. In this example, because of the effect of the utilized rounding method and smaller nu populations in discrete form of the problem, the NFR produced better results with co variables.
By comparing the Fig. 4 and Fig. 5 it can be seen that, in discrete sizing variables case, the st did not reach the maximum value of unity and then the weight of the structure is increased co to the continuous sizing variables case. A 72-bar space truss with schematic shown in Fig. 3 is studied as the second example. This example is investigated by the researchers with continuous and discrete variables as well. 72 structural members of this spatial truss are categorized into 16 groups using symmetry:
((1) A1-A4, (2) A5-A12, (3) A13-A16, (4) A17-A18, (5) A19-A22, ((6)A23-A30, (7) A31-A34, (8) A35-A36, (9) A37-A40, (10) A41-A48, (8) A49-A52, (9) A53-A54, (13) A55-A58, (14) A59-A66 (15), A67-A70, and (16) A71-A72.
The material density is 0.1 lb/in. 3 (2767.990 kg/m 3 ) and the modulus of elasticity is taken as 10,000 ksi (68,950 MPa). The members are subjected to the stress limits of ±25 ksi (±172.375 MPa). The uppermost nodes are subjected to the displacement limits of ±0.25 in (±0.635 cm) in both x and y direcPeriod. Polytech. Civil Eng.
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Hossein Moez, Ali Kaveh, Nasser Taghizadieh In the continuous sizing variables case, the minimum and maximum permitted cross-sectional area of each member is taken as 0.10 in 2 (0.6452 cm 2 ) and 4.00 in 2 (25.81 cm 2 ) respectively. [9] , CBO [34] , respectively As it can be seen from the table, the best feasible result is obtained by BB-BC algorithm but NFR achieves a comparable result with less number of structural analyses. Fig. 4 shows the allowable and existing stress values in truss member using the NFR This problem is solved again with discrete variables and these variables are selected from the set D = {0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7,1.8 In this example, because of the effect of the utilized rounding method and smaller number of populations in discrete form of the problem, the NFR produced better results with continuous variables.
By comparing Fig. 4 and Fig. 5 , it can be seen that in discrete sizing variables case, the stress ratio has not reach the maximum value of unity and thus the weight of the structure is increased compared to the continuous sizing variables case. Table 7 Optimum design cross-sections for the 582-bar tower truss with continuous variables The 582-bar spatial truss structure shown in Fig. 6 has been studied by the researchers [13, 36, 37 ]. This structure is designed both with discrete and continuous sizing variables. Due to structural symmetry, the 582 members are categorized as 32 independent size variables as shown in Fig. 6 . A single load case is Period. Polytech. Civil Eng.
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Tab. 5. Comparison of the NFR results for the 72-bar to those of the literature with continuous variables
Element Group
Erbatur et al.
[30]
Camp et al.
[31]
Perez et al.
[32]
Camp [33] Kaveh et al.
[9]
Kaveh et al.
[ considered consisting of lateral loads of 5.0 kN (1.12 kips) applied in both x-and y-directions and a vertical load of 30 kN (6.74 kips) applied in the negative z-direction at all nodes of the tower. The allowable tensile and compressive stresses are used according to the AISC-ASD [38] code, as follows:
where σ − i is calculated according to slenderness ratio: 
where E is the modulus of elasticity, F y is the yield stress of steel, λ i is the slenderness ratio, with k being the effective length factor, l i is the member length and r i is the radius of gyration.C c is the slenderness ratio dividing the elastic and inelastic buckling regions.
The maximum slenderness ratio is limited to 300 for tension members, and it is recommended to be limited to 200 for compression members according to ASD-AISC [36] . The modulus of elasticity is 29,000 ksi (203893.6 MPa) and the yield stress of steel is taken as 36 ksi (253.1 MPa). Other constraints are the limitations of nodal displacements which should be no more than 8.0 cm (3.15 in.) in all directions.
In the case of continuous sizing variables, the lower and upper bounds of size variables are taken as 3. 
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Hossein Moez, Ali Kaveh, Nasser Taghizadieh Number of structural analyses 50000 8500 6400 8000 Natural Forest Regeneration Algorithm for Optimum Design of Truss Structurestions adopted for the members such as pipes, angles, and tees. In this example, pipe sections (a = 0.4993 and b = 0.6777) were used for bars. Table 7 lists the optimal values of the 32 size variables obtained by the present algorithm and a comparison with the previously published results. It is obvious that the NFR achieved better result than CBO with less number of structural analyses Fig. 7 shows the allowable and existing stress ratio and displacement values of the NFR. The displacements of nodes are summarized in Fig. 8. Figs. 7 and 8 show that the displacement controls the design and the stress is not determinative. 
Conclusion
The application of the recently developed methaheuristic algorithm, known as Natural Forest Regeneration, for truss structures is studied in this paper. Although the presented algorithm is simple and easy to implement, but comparable results are provided by utilizing it. Three benchmark truss structures are studied here with discrete and continous sizing variables.
Comparison of results with previously published results, show that the NFR achieves comparable solution in all the cases. In the case of discrete sizing variables, design variables were selected from a discrete set of 137 standard steel W-shaped sections based on the area and radii of gyration of the sections [40] . Design variables can range between 6.16 in. 2 Table 8 It is clear that NFR reached the best solution and the number of structural analysis for NFR is comparable with the minimum value of the CBO method. Stress ratio in the elements of 582-bar truss with discrete design variables is presented in Fig. 9 and the nodal displacements for this case are summarized in Fig. 10 .
Conclusions
The application of the recently developed methaheuristic algorithm, called as Natural Forest Regeneration, is extended in this paper for optimal design of truss structures. The presented algorithm is simple and easy to implement and comparable results are obtained by its use. Three benchmark truss structures are studied here with discrete and continous sizing variables.
Comparison of the results with those of the previously published results, show that the NFR achieves comparable solution in most of the cases.
